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Abstract
Background & Aims—Increased inflammatory cytokine levels and intestinal epithelial cell
apoptosis leading to disruption of epithelial integrity are major pathologic factors in inflammatory
bowel diseases. The probiotic bacterium Lactobacillus rhamnosus GG (LGG) and factors
recovered from LGG broth culture supernatant (LGG-s) prevent cytokine-induced apoptosis in
human and mouse intestinal epithelial cells by regulating signaling pathways. Here, we purify and
characterize 2 secreted LGG proteins that regulate intestinal epithelial cell antiapoptotic and
proliferation responses.

Methods—LGG proteins were purified from LGG-s, analyzed, and used to generate polyclonal
antibodies for immunodepletion of respective proteins from LGG-conditioned cell culture media
(CM). Mouse colon epithelial cells and cultured colon explants were treated with purified proteins
in the absence or presence of tumor necrosis factor (TNF). Akt activation, proliferation, tissue
injury, apoptosis, and caspase-3 activation were determined.

Results—We purified 2 novel proteins, p75 (75 kilodaltons) and p40 (40 kilodaltons), from
LGG-s. Each of these purified protein preparations activated Akt, inhibited cytokine-induced
epithelial cell apoptosis, and promoted cell growth in human and mouse colon epithelial cells and
cultured mouse colon explants. TNF-induced colon epithelial damage was significantly reduced by
p75 and p40. Immunodepletion of p75 and p40 from LGG-CM reversed LGG-CM activation of
Akt and its inhibitory effects on cytokine-induced apoptosis and loss of intestinal epithelial cells.

Conclusions—p75 and p40 are the first probiotic bacterial proteins demonstrated to promote
intestinal epithelial homeostasis through specific signaling pathways. These findings suggest that
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probiotic bacterial components may be useful for preventing cytokine-mediated gastrointestinal
diseases.

Inflammatory bowel diseases (IBD) are characterized by increased production of
inflammatory cytokines, epithelial cell apoptosis, and immune cell infiltration, leading to
disruption of the intestinal epithelial integrity.1 Therefore, remission of these disorders
requires both decreased apoptosis and restitution of the damaged epithelium. Recent studies
reveal several potential therapeutic approaches to induce restitution of the damaged
epithelium. Growth factors2-5 and cytokines6,7 have been reported to modulate these
processes by regulating proliferation,3 migration,2 and apoptosis.6,7

Increasing evidence suggests that some commensal bacteria enhance intestinal epithelial
homeostasis and barrier integrity. Indeed, commensal bacteria regulate a number of host
processes, including nutrition, development, and immune responses, that are relevant for
both health and disease.8 Therefore, manipulation of intestinal bacterial flora has been used
as an alternative health approach for disease prevention and treatment.9 Living
microorganisms in the intestinal tract that benefit the host are termed probiotics.10 Recent
studies indicate that some Lactobacillus species function as probiotics and induce sustained
remission in ulcerative colitis and pouchitis.11-14 Lactobacillus rhamnosus GG (LGG), a
bacterium used in the production of yogurt, is one of the best-studied Lactobacillus strains in
clinical trials for IBD.

The presumed first target of probiotic actions is the intestinal epithelial cell. Probiotic
bacteria stimulate several intestinal epithelial cell protective responses, including
enhancement of epithelial barrier function,15,16 mucin synthesis and secretion,17,18

inhibition of enteropathogenic Echerichia coli binding,17 and cell survival.19 However, the
mechanisms regulating epithelial responses to probiotics are complex and mostly unknown.
We have used LGG to investigate molecular mechanisms by which probiotics regulate
intestinal epithelial cells. We previously reported that LGG prevents cytokine-induced
apoptosis in both human and mouse intestinal epithelial cells through activating Akt and
inhibiting p38 mitogen-activated protein kinase (MAPK) activation.19 Akt plays a central
role in promoting cell survival by inactivation of several proapoptotic pathways, including
Bad, caspase 9, and caspase 3, and stimulating cell proliferation by activation of cell cycle
regulators, such as cyclin/cyclin-dependent kinase (CDK).20,21 We further found that
soluble factors recovered from LGG broth culture supernatant (LGG-s) activate Akt in a
phosphatidylinositol-3′-kinase (PI3K)-dependent manner and prevent cytokine-mediated
apoptosis.19 One recent report has shown that soluble factors present in LGG-s induce
cytoprotective heat shock protein synthesis in intestinal epithelial cells.22 However, to our
knowledge, the specific components of LGG-s that promote intestinal epithelial health have
not been identified. Therefore, the purpose of this study was to purify and characterize
LGG-derived soluble proteins that regulate intestinal epithelial cell proliferation and
survival.

Here, we report that 2 proteins (p75 and p40) purified from LGG-s stimulate Akt activation,
promote cell growth, and inhibit tumor necrosis factor (TNF)-induced epithelial cell
apoptosis in cultured cells and ex vivo colon organ culture models. Furthermore, although a
number of Lactobacilli display antiapoptotic activity when in contact with epithelial cells,
only those strains producing soluble p75 and p40 conferred this response in the absence of
cell contact. The present studies provide novel insight into the molecular mechanisms of
probiotic regulation of intestinal epithelial cells. These findings suggest that it may be
possible to use probiotic bacterial products for gastrointestinal disease prevention and
treatment.
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Materials and Methods
Bacterial Culture, LGG-s, and LGG Conditioned Cell Culture Media Preparation

Lactobacillus rhamnosus GG (ATCC 53103), Lactobacillus casei 334, (ATCC 334),
Lactobacillus casei 393 (ATCC 393), and Lactobacillus acidophilus (ATCC 4356) were
cultured in Lactobacillus MRS broth at 37°C19,23 according to ATCC guidelines. Bacteria
were harvested from MRS broth by centrifugation and washed twice with phosphate-
buffered saline (PBS). Following centrifugation, LGG-s was passed through a 0.2-μm filter.
LGG-conditioned cell culture media (LGG-CM) were generated by incubating LGG
(107colony-forming units (CFU)/mL) in RPMI or Dulbecco’s modified Eagle medium
(DMEM) cell culture medium at 37°C for 2 hours; the media were then centrifuged twice,
and the supernatant was filtered (0.2 μm).

Purification of Proteins From LGG-s
To purify proteins under native conditions from LGG-s, LGG-s was loaded onto UNOsphere
S ion exchange media (Bio-Rad Laboratories, Hercules, CA), which was prepared according
to the manufacturer’s instructions. Bound proteins were eluted using 30 mmol/L Tris, pH
7.3, containing sequential concentrations of NaCl (100 to 800 mmol/L). Eluted fractions
were collected and subjected to SDS-PAGE and stained with Colloidal Blue Stain kit
(Invitrogen Corporation, Carlsbad, CA). Eluted fractions containing proteins were then
concentrated using Amicon Ultra-4 centrifugal filter devices (Millipore, Bedford, MA), with
a 5-kilodalton molecular weight limit cut-off, and the > 5-kilodalton molecular weight
fraction was retained for study. Protein concentrations were determined by using a DC
protein assay (Bio-Rad Laboratories). From 200 mL of LGG broth culture (107 CFU/mL),
approximately 1 mg of p40 and 0.75 mg of p75 were purified. The concentration of purified
proteins was adjusted to 0.1 mg/mL using PBS.

Antibody Generation and Immunodepletion of p75 and p40 From LGG-CM
To prepare p75 and p40 as antigens for generating antibodies, chromatographically purified
p75 and p40 were separated on an SDS-PAGE gel, and p75 and p40 bands were excised and
electroeluted from the gels using a Model 422 Electro-Eluter (Bio-Rad Laboratories)
according to the manufacturer’s instructions. SDS in the eluted fractions was removed by
Bio-Beads SM-2 adsorbents (Bio-Rad Laboratories). Polyclonal antibodies against p75 and
p40 were generated by injecting rabbits with purified p75 or p40 proteins, respectively
(Strategic Biosolutions, Newark, DE). p75 and p40 Antibodies were conjugated to Protein
A/G beads (Santa Cruz Biotechnology, Santa Cruz, CA) by incubating antibodies with beads
in PBS for 2 hours at 4°C. To sequentially immunodeplete p75 and p40 from LGG-CM,
LGG-CM was incubated with anti-p75 antibody-conjugated beads for 4 hours at 4°C. After
removing anti-p75 antibody-conjugated beads, CM was incubated with anti-p40 antibody-
conjugated beads for another 4 hours. Preimmune serum was used as the negative control.
The amounts of p75 and p40 present in LGG-CM or immunodepleted LGG-CM were
detected by Western blot analysis with anti-p75 and anti-p40 antibodies.

N-Terminal and Internal Peptide Sequence Analysis of p75 and p40
p75 and p40 Proteins were purified as described previously, separated by SDS-PAGE, and
transferred to a polyvinylidene difluoride membrane (Bio-Rad Laboratories, Inc). N-
terminal peptide sequence analysis of p75 and p40 by the Edman degradation methodology
was performed at the Iowa State University Protein Facility (Ames, IA). Internal peptide
sequences of p75 and p40 were determined by performing in-gel digestion of the proteins
with trypsin, followed by analysis of the resulting peptides by matrixassisted laser
desorption/ionization (MALDI), time-of-flight (TOF) tandem mass spectrometry (MALDI-
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TOF/MS/MS) and liquid chromatography-tandem mass spectrometry (LC/MS/MS) at the
Vanderbilt University Proteomics Core of the Digestive Disease Research Center, Nashville,
TN.

Analysis of the LGG Genes Encoding p75 and p40
N-terminal and internal peptide sequences of p75 and p40 were compared with protein
sequences in the NCBI microbial genome database using BLAST analysis. The most closely
related proteins were encoded by 2 genes in the genome of Lactobacillus casei 334
(Genbank accession numbers COG0791 and COG3883). Multiple primer pairs were
designed based on the sequences of these L casei genes and flanking DNA sequences in the
L casei genome. LGG genomic DNA was isolated using the Wizard Genomic DNA
Purification Kit (Promega Corporation, Madison, WI), and this DNA was used as a template
for polymerase chain reaction (PCR). PCR was carried out for 30 cycles, each including 30
seconds at 95°C, 30 seconds at 55°C, and 30 seconds at 72°C. PCR products were excised
from agarose gels and purified using a QIAquick Gel Extraction Kit (QIAGEN Company,
Valencia, CA). PCR products were cloned into pGEM-T Easy vector (Promega
Corporation), plasmids were transformed into E coli DH5α, and nucleotide sequences were
then determined.

Cell Culture and Cell Treatment
Young adult mouse colon (YAMC) epithelial cells or kinase suppressor of Ras−1 knockout
(KSRI−/−) mouse colon epithelial (MCE) cells were maintained in RPMI 1640 media with
5% fetal bovine serum (FBS) and 5 U/mL of murine interferon (IFN)-γ on collagen-coated
plates and grown under permissive conditions at 33°C with 5% CO2.24 Before all
experiments, cells were transferred to 37°C (nonpermissive) conditions with 0.5% FBS,
IFN-γ-free media for 16 hours. The human colonic epithelial carcinoma cell line, HT 29
cells, was grown in DMEM media supplemented with 10% FBS at 37°C. Cells were serum
starved (0.5%) at 37°C for approximately 16 hours before experiments. Cells were treated
with purified p75, p40, LGG-CM, or 107 CFU/mL of bacteria (20:1 ratio of bacteria to cells)
for 2 hours or 1 hour before TNF (100 ng/mL) treatment. To compare the effects of soluble
factors, cells were cultured in transwells with bacteria placed in the upper chamber,
separated by a permeable filter (0.2 μm pore size).

Preparation of Cellular Lysates
After treatment, cell monolayers were washed twice with ice-cold PBS and then scraped into
cell lysis buffer (20 mmol/L HEPES [pH 7.5], 1 mmol/L orthovandate, 50 mmol/L β-
glycerolphosphate, 10 mmol/L sodium pyrophosphate, with leupeptin [10 μg/mL], aprotinin
[10 μg/mL], PMSF [18 μg/mL], and 1% Triton-X-100). The scraped suspensions were
centrifuged (14,000g, 10 minutes) at 4°C, and protein content was determined using DC
protein assay (Bio-Rad Laboratories). Cellular lysates were mixed with Laemmli sample
buffer, and proteins were separated by SDS-PAGE for Western blot analysis with anti-p75,
anti-p40, anti-phospho-Ser 473 (P)-Akt, anti-Akt, anti-phospho-Tyr180/182 (P)-p38 MAPK,
antiinhibitor of nuclear factor κB (IκB) α (Cell Signaling Technology, Beverly, MA), and
anti-phospho-Thr183/Tyr185 (P)-extracellular signal-regulated kinase (ERK)1/2 MAPK
(Promega, Madison, MI).

Colon Organ Culture
All animal experiments were performed according to protocols approved by the Institutional
Animal Care and Use Committee at Vanderbilt University. Six- to 8-week-old C57BL/6
mice were killed; the colon was opened and washed with sterile PBS and DMEM media,
and then cut into 4 × 4 mm pieces. The colon explants were laid on Netwell inserts
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(membrane mesh size of 500 μmol/L; Corning Incorporated Life Sciences, Acton, MA) with
the serosal layer facing the insert. DMEM containing 0.5% FBS was filled to a point just
over the epithelium and incubated at 37°C with 5% CO2 for 2 hours before treatment. At the
end of the experiment, colon tissue was fixed in 4% paraformaldehyde at 4°C overnight
before sectioning. Paraffin-embedded tissue sections were stained with H&E for light
microscopic assessment of epithelial injury or for apoptosis assays.

Apoptosis Assays
Apoptosis was detected in colon tissue slides by ApopTag In Situ Oligo Ligation (ISOL) Kit
(Intergen Company, Purchase, NY) using T4 DNA ligase according to the manufacturer’s
guidelines or by using antiactive caspase-3 antibody (BD Biosciences, Palo Alto, CA)
staining and reagents provided in the Vectastain ABC kit (Vector Laboratories, Inc.,
Burlingame, CA). Differential interference contrast (DIC) microscopy was used as we have
previously reported.24 Apoptotic cells were determined by counting the absolute number of
positive stained cells in at least 300 colonic crypts.

Apoptosis in cell lines was detected by 2 methods. ApopTag In Situ Apoptosis Detection
Kits (TUNEL; Intergen Company) and DAPI staining were described previously.24,25 The
slides were observed by fluorescence microscopy, and the number of positive stained cells
within a population of at least 500 cells was counted to determine the proportion of
apoptotic cells. For Annexin V-FITC staining, attached cells were dissociated using
Accutase (Innovative Cell Technologies, Inc., San Diego, CA) and double stained with
Annexin V-FITC and propidium iodide (Calbiochem/EMD Biosciences, Darmstadt,
Germany) according to the respective manufacturer’s instructions. The percentage of cells
positive for Annexin V and propidium iodide was determined by flow cytometry.

Cell Proliferation Assays
After YAMC cells cultured in 96-well dishes were treated with LGG, purified p75, or
purified p40 for 24 hours, cells were incubated with CellTiter 96 AQueous One Solution
Reagent (Promega Corporation) for 1 hour to label viable cells. The absorbance at 590 mm
was detected using a 96-well plate reader. Cell numbers were determined by comparing the
absorbance of samples to the standard cell-absorbance curve generated for each experiment.
The change in the number of control cells from the start to the end of an experiment was
standardized as 100%. The changes in the treated cells were reported as a percentage relative
to the untreated control.

Cell proliferation was also determined by immunostaining of cells on chamber slides with
antiproliferative cell nuclear antigen (PCNA) antibody (Santa Cruz Biotechnology) using
reagents provided in the Vectastain ABC kit (Vector Laboratories, Inc.) and visualization of
cells by DIC microscopy. At least 500 cells were counted to determine the percentage of
cells with positive PCNA nuclei.

Statistical Analysis
The statistical significance of the difference between mean values was determined using
paired Student t test analysis. The level of statistical significance was set at P < .05. Data
were analyzed as the mean ± SD.

Results
Purification of 2 proteins, p75 and p40, From LGG-s

Soluble factors recovered from LGG-s and LGG-CM have been shown to regulate intestinal
epithelial signaling pathways and biologic functions,19,22 but the identities of these factors
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are unknown. Therefore, we pursued characterization of these soluble factors to provide
insight into the molecular mechanisms of probiotic bacterial actions on host cells. As a first
step, proteins in the culture supernatant of LGG broth cultures were analyzed by SDS-PAGE
and Coomassie blue staining. Two of the most abundant proteins had molecular masses of
approximately 75 kilodaltons and 40 kilodaltons. To purify these proteins from LGG-s,
filtered LGG-s was loaded onto UNOsphere S ion exchange media with negatively charged
functional groups, and bound proteins were eluted using 30 mmol/L Tris (pH 7.3) containing
progressively increasing concentrations of NaCl from 0.1 mol/L to 0.8 mol/L. Eluted
proteins were analyzed by SDS-PAGE to identify proteins contained in each fraction (data
not shown). The 75-kilodalton protein (p75) and 40-kilodalton protein (p40) eluted from the
cation exchange resin at NaCl concentrations of 0.25 mol/L and 0.5 mol/L, respectively
(Figure 1A). SDS-PAGE analysis indicated that the chromatography procedure successfully
separated p75 and p40.

Anti-p75 and anti-p40 polyclonal antibodies were generated using chromatographically
purified p75 or p40, respectively. Western blot analysis indicated that the anti-p75 antiserum
recognized p75 only (Figure 1B), and the anti-p40 antiserum reacted with both p40 and p75
(Figure 1C). Preimmune sera did not react with either p75 or p40 (Figures 1B and 1C).
Immunoblotting experiments indicated that the purified p75 preparation was not
contaminated with p40, and the purified p40 preparation was not contaminated with p75
(Figures 1B and 1C).

Characterization of p75 and p40 Proteins
As a first step in characterizing p75 and p40, N-terminal sequences and internal peptide
sequences of these proteins were determined, as described in the Materials and Methods
section. When compared with sequences in the NCBI microbial genome database, the p75
and p40 peptide sequences were most closely related to 2 proteins predicted to be encoded
by the genome of L casei 334 (NCBI GeneBank accession numbers COG0791 and
COG3883, respectively). Multiple oligonucleotide primers were designed based on the
sequences of the corresponding L casei genes and flanking DNA sequences in the L casei
genome, and these primers were used to PCR-amplify related sequences from LGG genomic
DNA.

Sequence analysis of 1 set of cloned PCR products revealed the presence of a 1236-base pair
(bp) open reading frame (ORF), predicted to encode a 412 amino acid residue protein with a
calculated molecular mass of 42 kilodaltons (Figure 1D). The experimentally determined N-
terminal amino acid sequence of LGG p40, as well as an internal peptide sequence of p40,
was identified within the deduced amino acid sequence encoded by this ORF (Figure 1D).
The deduced full-length amino acid sequence of p40 was 79% identical to the sequence of a
396 amino acid protein of unknown function in L casei 334 (NCBI GeneBank COG3883).

Sequence analysis of another set of cloned PCR products revealed the presence of a partial
ORF that was > 1488 bp in length; the full-length ORF was not successfully amplified. The
experimentally determined N-terminal amino acid sequence of p75 and internal peptide
sequences of p75 were identified within the deduced amino acid sequence encoded by this
partial ORF (Figure 1D). The deduced amino acid sequence of p75 was most closely related
to a 493 amino acid cell wall-associated hydrolase of L casei 334 (NCBI GeneBank
COG0791) and exhibited 70% and 93% identity to 2 different regions of this L casei 334
protein, respectively. The predicted molecular mass of the full-length cell wall-associated
hydrolase of L casei 334 (49 kilodaltons) differs substantially from the molecular mass of
the LGG p75 protein.
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An analysis of the LGG p40 and p75 gene sequences and the experimentally determined N-
terminal amino acid sequences of the encoded proteins indicates that both genes encode
proteins with N-terminal signal sequences. The presence of signal sequences is consistent
with the hypothesis that p40 and p75 are actively secreted into the culture supernatant by
LGG. The p40 gene sequence and the partial p75 gene sequence do not show significant
relatedness, and the experimentally determined N-terminal amino acid sequences of these 2
proteins are not related. Thus, based on the available sequence data, there is no evidence to
suggest that p40 is a degradation product of p75. However, it is possible that there could be
sequence similarity between p40 and the uncharacterized C-terminal portion of p75.

p75 and p40 Stimulate Akt Activation in Intestinal Epithelial Cells
Because we have reported that factors recovered from LGG-s stimulate Akt activation,19 we
first determined the effect of p75 and p40 on this signal transduction pathway. Cells were
treated with various concentrations of p75 and p40, and activation of Akt was determined by
Western blot analysis using an antibody against phosphorylated Akt. We found that p75 at
10 –1000 ng/mL and p40 at 1–100 ng/mL stimulated Akt activation in a concentration-
dependent manner in either mouse or human colon epithelial cells (Figure 2A). p75 At 100
ng/mL and p40 at 10 ng/mL were chosen for subsequent experiments in this paper because
these are the minimal concentrations for inducing detectable Akt activation. As controls, we
tested the flow-through fraction from the ion exchange column and the fraction eluted from
the column with 0.1 mol/L NaCl: neither of these preparations contained p75 or p40, and
neither of these preparations activated Akt (data not shown). As with LGG-s, Akt activation
by p75 or p40 was PI3K-dependent because PI3K inhibitors LY294002 and Wortmannin
(data not shown) blocked p75 and p40 activation of Akt (Figure 2B). Because we have
previously reported that LGG, but not LGG-CM, inhibits TNF-stimulated activation of
p38,19 we tested whether the purified LGG-s proteins modulate this signaling pathway.
Similar to LGG-CM, p75 and p40 showed no effect on TNF activation of p38 (Figure 2D).
Furthermore, p75 and p40 were also not able to induce ERK1/2 or p38 activation or IκBα
degradation (15-minute to 4-hour treatments, 2-hour treatment data are shown in Figure 2D)
or inhibit TNF effects on these pathways (Figure 2D). Therefore, purified p75 and p40 are
selective in their activity for regulating intestinal epithelial cell signal transduction.

p75 and p40 Inhibit TNF-Induced Intestinal Epithelial Cell Apoptosis and Organ Culture
Lesions

To determine the biologic roles of purified proteins from LGG-s, we next evaluated the
effects of p75 and p40 on cytokine-induced apoptosis in intestinal epithelial cells. We
detected intestinal epithelial cell apoptosis and distinguished it from necrosis by using 3
different methods. TUNEL and ISOL assays measure apoptosis by specifically labeling
fragmented genomic DNA with terminal deoxynucleatidyl transferase or T4 DNA ligase,
respectively. Annexin V staining detects apoptosis based on FITC-conjugated Annexin V
specifically binding to phosphatidylserine once it is exposed to the outer layer of the plasma
membrane during the apoptotic process.26

TNF-induced apoptosis detected by TUNEL assay in KSRI−/− MCE cells, a mouse colon
cell line null for KSRI expression that undergoes apoptosis following TNF treatment,24 was
inhibited by either p75 or p40 (Figure 3A and B). As expected, TNF-induced apoptosis was
also inhibited by LGG coculture.19 These results were confirmed in HT29 cells, a human
intestinal cell line, by Annexin V-FITC staining. The “cytokine cocktail” combination of
TNF, interleukin (IL)-1α, and IFN-γ induced apoptosis in HT29 cells, which was reversed
by either p75 or p40 treatment (Figures 3C and D).
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To determine the potential of p75 and p40 to regulate colon epithelial homeostasis, we
performed colon organ culture and observed the direct effects of p75 and p40 on colon
epithelium ex vivo as detailed in the Materials and Methods section. Histologic sections
prepared for injury assessment showed that TNF induced massive mucosal necrosis and
disruption of epithelial integrity in colon explants. Coculture with p75, p40, or LGG with
TNF restored colonic epithelial integrity and the crypt structure of the colon crypts (Figure
4).

Coculture of colon tissue explants with TNF induced colon epithelial apoptosis with 75% of
crypts containing more than 10 apoptotic cells. This effect was decreased 3-fold by p75 or
p40 cotreatment (P < .005, Figures 5A and B). Because caspase-3 is a major regulator of the
apoptotic program and PI3K-dependent Akt activation has been shown to prevent TNF-
induced caspase-3 activation,27 we determined the effect of p75 and p40 on caspase-3
activity using immunostaining with an antiactive caspase-3 antibody. TNF stimulated
caspase-3 activation in intestinal epithelial cells, which was significantly inhibited by p75 or
p40 coculture (Figures 5C and D).

Thus, in mouse and human intestinal epithelial cell lines and cultured mouse colon explants
using 3 different apoptotic assays, both p75 and p40 exert significant inhibitory effects on
TNF-induced apoptosis. These effects may be involved in protective roles on TNF-induced
intestinal epithelial lesions.

p75 and p40 Stimulate Intestinal Epithelial Cell Growth
The homeostatic balance between proliferation and apoptosis regulates normal
gastrointestinal epithelial morphology and function. Probiotic bacteria have been shown to
enhance intestinal epithelial cell proliferation.28 Furthermore, PI3K and Akt have been
reported to play a critical role in regulating this proliferative response in intestinal epithelial
cells.29 Therefore, we evaluated the effects of p75 and p40 on cellular proliferation using a
3-(4,5-dimethylthiazol-2-yl)-5(3-carboxymethonyphenol)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS)– based proliferation assay. Both p75 and p40 promoted YAMC cell growth, which
was inhibited by the PI3K inhibitor LY294002 but not the MEK inhibitor PD98059 (Figure
6A). To further characterize p75 and p40 effects on intestinal cellular proliferation, PCNA
staining was used to detect proliferative nuclei. p75 and p40 Enhanced the number of
PCNA-positive nuclei (Figure 6B and C). These results suggest that p75 and p40 help to
restore intestinal epithelial integrity after TNF-induced injury through not only preventing
apoptosis but also enhancing proliferation.

Immunodepletion of p75 and p40 From LGG-CM Blocks LGG-CM Biologic Effects on
Intestinal Epithelial Cells

To test by another approach whether p75 and p40 are required for the regulatory effects of
LGG-CM on intestinal epithelial cells, antibodies against p75 and p40 were used for
sequential immunoprecipitation to immunodeplete both p75 and p40 from LGG-CM.
Immunoprecipitation with these 2 antibodies, but not preimmune sera, efficiently removed
p75 and p40 from LGG-CM (Figure 7A). These immunodepleted LGG-CM fractions were
used to treat cells or colon culture explants. Immunodepletion of p75 and p40 from LGG-
CM attenuated Akt activation (Figure 7B). Furthermore, LGG-CM, but not immunodepleted
LGG-CM, prevented TNF-induced ulcerative lesions, including mucosal necrosis and
disruption of epithelial integrity (Figure 7C) and epithelial apoptosis in colon organ cultures
(Figure 7D and E). Individual immunodepletion of either p75 or p40 partially attenuated Akt
activation and the antiapoptotic response (data not shown). These results indicate that p75
and p40 are required for LGG-CM regulation of intestinal epithelial cells and suggest that
they may have redundant functions.
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Strain-Specific Expression of p75 and p40 by Lactobacilli
Because we have reported that probiotic Lactobacilli regulation of cell survival is strain
specific,19 we next investigated whether expression of soluble p75 and p40 proteins was also
strain specific. To address this question, we studied 3 other strains of Lactobacillus—
Lactobacillus casei 334, Lactobacillus casei 393, and Lactobacillus acidophilus—which are
known to regulate intestinal function16,30 or lymphocyte proliferation and immunity.31

Conditioned-media derived proteins from 105 of these respective Lactobacillus strains were
separated by SDS-PAGE (Figure 8A). p75 and p40 Antisera recognized proteins of similar
size in culture supernatant from L casei 393-CM, but no immunoreactive proteins were
detected in culture supernatant from L acidophilus-CM (Figure 8B). The p40 antiserum
recognized a 38-kilodalton protein produced by L casei 334-CM (Figure 8B), which is
consistent with relatedness between LGG p40 and a protein of unknown function encoded
by L casei (NCBI GeneBank COG3883). Weak reactivity of the p75 antiserum with a 75-
kilodalton L casei protein was detectable only if films were overexposed (data not shown).

To investigate the effects of soluble factors produced by these Lactobacillus species on
epithelial cells, bacteria were cocultured with the epithelial cells but were physically
separated by a filter (0.2 μmol/L) so that any observed effects would be mediated by soluble
factors. Although all of the strains stimulated Akt activation and inhibited cytokine-induced
apoptosis when in direct contact with epithelial cells, LGG, L casei 334, and L casei 339 but
not L acidophilus supernatants promoted Akt activation (Figure 8C) and prevented TNF-
induced apoptosis (Figure 8D). Strain-specific production of soluble p75 and p40 proteins
and the correlation between expression of these proteins and observable phenotypes
provides further evidence that these bacterial components can promote intestinal epithelial
cell survival and inhibit cytokine-induced apoptosis.

Discussion
Probiotics have recently received clinical attention for their potential to prevent and/or treat
IBD.9 We previously showed that LGG-derived soluble factors regulate cell survival
signaling and inhibit cytokine-induced apoptosis in intestinal epithelial cells.19 Here, we
report purification of 2 LGG-derived soluble proteins (p75 and p40) and demonstrate that
both of these proteins suppress cytokine-induced colon epithelial apoptosis and injury.
These findings provide a molecular basis for therapeutic application of probiotic bacterial
products for inflammation-mediated intestinal disorders. Future in vivo studies applying p75
and p40 to regulate intestinal inflammatory responses in animal models will help to
determine the feasibility of their use as novel treatments for IBD.

Although LGG has been shown to induce remission and prevent recurrence of IBD in
patients14 and in animal models of colitis,12 a clinical trial designed to test the efficacy of
LGG as an adjunct to standard therapy in children with Crohn’s disease showed no
beneficial effect of LGG in maintaining remission.32 These results emphasize a current
problem regarding the use of probiotic therapy, namely the difficulty determining the
bioavailability of bacteria in the gastrointestinal tract. In addition, use of live probiotic
bacteria raises concerns because of several cases of bacteremia associated with probiotic
therapy in very young33 and immunocompromised patients.34 Therefore, one approach to
address these questions may be to use probiotic bacterial-derived proteins as novel
therapeutic agents for treatment of IBD and other inflammation-related disorders.

Commensal bacteria engage in active cross talk with the intestinal epithelium to promote
epithelial development,35 facilitate nutrient digestion and uptake by epithelial cells,36 and
exert protective roles on intestinal inflammation.37 The known mechanisms for these
functions include enhancing production of anti-inflammatory cytokines, blocking production
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of proinflammatory cytokines, antagonism to pathogenic bacteria,18 increasing secretory-
IgA production,38 and maintaining barrier function.15,16 However, the specific bacterial
factors that attenuate epithelial inflammatory responses remain unclear. We provide 2 lines
of evidence to support the importance of p75 and p40 in regulating intestinal homeostasis.
First, we show that the Lactobacillus strain Lactobacillus acidophilus, whose culture
supernatants do not contain p75 and p40, requires bacterial-cell contact for both Akt
activation and suppression of cytokine-induced apoptosis (Figure 8). Consistent with these
findings, Resta-Lenert and Barrett reported that Lactobacillus acidophilus regulation of
epithelial barrier function depends on bacterial-cell interaction.15 Second, immunodepletion
experiments show that loss of p75 and p40 from LGG-CM eliminates LGG-CM
antiapoptotic effects on colon epithelial cells (Figure 7).

It should be noted that, when we analyzed proteins present in LGG-s, we focused on p75
and p40 because they are the 2 major bands seen on SDS-PAGE analysis of concentrated
LGG-s (Figures 1A and 8A). LGG-s also contained a 17-kilodalton protein, which was
recognized by anti-p40 antibody in Western blot analysis (data not shown). However, this
17-kilodalton protein did not bind to the ion exchange medium and therefore was not
detected in chromatographically purified p75 or p40 fractions (data not shown). We
speculate that this 17-kilodalton protein may be a degradation product of p40 but does not
contain the functional domain of p40 required for Akt activation.

Only a partial ORF encoding LGG p75 was characterized in this study, and, therefore, it is
difficult to compare fully the similarity between p75 and p40. However, 2 observations
suggest that p75 and p40 may share some identical peptide sequences: (1) analysis of
trypsin-digested peptides from p75 and p40 samples by MALDI-TOF/MS revealed several
identical peaks in both preparations (data not shown), and (2) the p40 antibody recognized
p75 in Western blot analysis (Figures 1B and 1C, Figure 8B). Therefore, further studies of
the C-terminal portion of p75 will be required to determine whether there is any sequence
similarity between these 2 proteins.

Bacterial regulation of host responses through the production of biologically active products
has been described in several other bacteria. Staphylococcal aureus produces lipoteichoic
acid to prevent delayed-type hypersensitivity reactions through activation of the platelet-
activating factor receptor.39 In addition, Salmonella protects epithelial cells from apoptosis
by sustained activation of Akt through the effector protein SopB.40 Interestingly, low-
molecular-weight factors secreted by LGG (<10 kilodaltons) have been reported to stimulate
Hsp25 and Hsp72 production by intestinal epithelial cells.22 However, we found that LGG-s
containing factors > 5 kilodaltons, but not LGG-s filtrate with factors <5 kilodaltons,
stimulates Akt activation.19 It is possible that multiple factors in LGG-s may regulate
different epithelial cellular responses.

One long-term goal of these studies is to understand the molecular basis of p75 and p40
regulation of signaling pathways and cellular responses leading to inhibition of intestinal
inflammation. Commensal bacteria inhibit inflammatory responses in part through nuclear
factor (NF) κB,41,42 but we have not detected any effects of LGG, p75, or p40 on nuclear
factor-κB activation in intestinal epithelial cells (Figure 2D).19 Because p75 and p40 activate
Akt in a PI3K-dependent manner (Figure 2B), it is important to elucidate mechanisms of
signaling pathways and downstream targets determining cellular survival in intestinal
epithelial cells.

In summary, this report shows that purified p75 and p40 from LGG-s protect intestinal
epithelial cells from apoptosis, promote proliferation, and activate Akt in a PI3K-dependent
manner in both cell and organ culture models. These soluble protein effects are further
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confirmed by the fact that only Lactobacillus strains that produce p75 and p40 in their
supernatant show independence of direct bacterial-cell interaction for these regulatory
effects. To date, p75 and p40 are the first identified probiotic bacterial soluble proteins
regulating intestinal epithelial homeostasis through specific cellular signal transduction
pathways. These findings support a potential application of native bacterial components to
prevent cytokine-mediated gastrointestinal injury and disease.
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Abbreviations used in this paper

DIC differential interference contrast

ERK extracellular signal-regulated kinase

IκB inhibitor of nuclear factor κB

ISOL in situ oligo ligation

KSR1 kinase suppressor of Ras-1

LGG Lactobacillus rhamnosus GG

LGG-CM LGG-conditioned cell culture media

LGG-s LGG broth culture supernatant

MAPK mitogen-activated protein kinase

MCE mouse colon epithelial

PCNA proliferative cell nuclear antigen

PI3K phosphatidylinositol-3′-kinase

TNF tumor necrosis factor

YAMC young adult mouse colon
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Figure 1.
Purification and sequencing of p75 and p40 purified from LGG-s. Filtered LGG culture
supernatant was loaded onto a cation exchange column. Proteins bound to exchange media
were eluted using Tris buffer containing sequential concentrations of NaCl (100–800 mmol/
L). Eluted proteins were separated by SDS-PAGE and stained with Colloidal Blue Staining
Kit (A, lanes 3 and 4). Proteins present in concentrated fractions of broth and LGG-s using a
5-kilodalton cut-off filter are shown (A, lanes 1 and 2, respectively). Polyclonal antibodies
against p75 or p40 were generated as detailed in the Materials and Methods section and used
in Western blot analysis (B and C). N-terminal sequences (bold) and internal peptide
sequences (underline) of p75 and p40 were detected by Edman degradation or MALDI-
TOF/MS/MS and LC/MS/MS analysis, respectively (D). LGG genetic sequences encoding
p75 and p40 were determined as described in the Materials and Methods section, and
predicted amino acid sequences were deduced from the nucleotide sequences (D).
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Figure 2.
p75 and p40 Stimulate Akt activation in mouse and human colon epithelial cells. YAMC (A
and D) and HT29 (B and C) cells were treated with purified p75 or p40 at the indicated
concentrations for 2 hours in the presence or absence of 30-minute pretreatment of PI3K
inhibitor LY294002 (10 μmol/L; C). Akt, p38, ERK1/2 MAPK activation, and IκBα
degradation were detected by Western blot analysis of cellular lysates with indicated
antibodies. Data are representative of 5 separate experiments.
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Figure 3.
p75 and p40 Inhibit cytokine-induced apoptosis in intestinal epithelial cells. KSRI−/− MCE
cells (A and B) or HT29 cells (C and D) were treated with TNF (100 ng/mL) for 6 hours or
the “cytokine cocktail” combination of TNF (100 ng/mL), IL-1-α (10 ng/mL), and IFN-γ
(100 ng/mL) for 16 hours, respectively, in the presence or absence of 1-hour pretreatment
with viable LGG, p75 (100 ng/mL), or p40 (10 ng/mL). LGG, p75, and p40 were maintained
during the entire course of cytokine treatment in all experiments shown in this paper.
KSR−/− MCE cells were fixed for TUNEL with apoptotic nuclei labeled with FITC and
DAPI staining (A). FITC and DAPI labeled images were taken from the same field. Arrows
indicate representative apoptotic nuclei. The percentage of cells undergoing apoptosis is
shown (B). HT29 cells were dissociated and stained with Annxin V-FITC and propidium
iodide and analyzed by flow cytometry (C). Results are shown as density plots with Annxin
V-FITC vs propidium iodide (D). Viable cells have low Annexin V-FITC and low
propidium iodide staining (lower left quadrant); early apoptotic cells have high Annexin V-
FITC and low propidium iodide staining (lower right quadrant); late apoptotic cells have
high Annexin V-FITC and high propidium iodide staining (upper right quadrant); and
necrotic cells have low Annexin V-FITC and high propidium iodide staining (upper left
quadrant). The early apoptotic cell populations in the lower right quadrant are shown in D.
*P < .01 compared with TNF (B) or the “cytokine cocktail” (D), respectively. Experiments
were performed on at least 3 separate occasions.
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Figure 4.
p75 and p40 Rescue TNF-induced epithelial damage in cultured mouse colon explants.
Colon explants derived from 6- to 8-week old C57BL/6 mice were cultured in DMEM
containing 0.5% FBS and treated with TNF (100 ng/mL) for 24 hours in the presence or
absence of LGG, p75 (100 ng/ mL), or p40 (10 ng/mL). Paraffin-embedded tissue sections
were stained with H&E for light microscopic assessment of epithelial damage (original
magnification, ×10). Images shown are representative of 7 mice in each group.
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Figure 5.
p75 and p40 Inhibit TNF-induced apoptosis in cultured mouse colon explants. Mouse colon
explants prepared as in Figure 4 were treated with TNF (50 ng/mL, TNF50 or 100 ng/mL,
TNF100) for 24 hours in the presence or absence of LGG, p75 (100 ng/mL), or p40 (10 ng/
mL). Paraffin-embedded tissue sections were studied for apoptosis using ISOL staining.
Apoptotic nuclei labeled with peroxidase were visualized using DIC microcopy (A).
Caspase-3 activity was determined by immunohistochemistry using antiactive caspase-3
antibody (C). The percentage of crypts with indicated apoptotic nuclei (B) or positive active
caspase-3 (D) cells is shown. Arrows indicate examples of ISOL or caspase-3-positive cells.
The percentage shown here is the average representing 5 independent experiments. All
images were taken with ×40 magnification.
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Figure 6.
p75 and p40 Promote intestinal epithelial cell proliferation. YAMC cells plated in 96-well
dish were treated with LGG, p74 (100 ng/mL), or p40 (10 ng/mL) for 24 hours. At the end
of treatment, viable cells were counted using MTS-based assays. The change in the number
of control cells from the start to the end of an experiment was standardized as 100%.
Changes in the treated cells were reported as a percentage relative to the untreated control
(A). Cells cultured on chamber slides treated as indicated were immunostained with anti-
PCNA antibody. Peroxidase-labeled positive cells, indicated by arrows, were observed by
DIC microscopy (B). At least 500 cells were counted to determine the percentage of PCNA-
positive cells (C). *P < .01, #P < .001 compared with control. Data represent at least 3
separate experiments.
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Figure 7.
Immunodepletion of p75 and p40 blocks LGG-CM’s antiapoptotic effects on colon
epithelial cells. Immunodepletion of p75 and p40 was performed by sequential
immunoprecipitation of LGG-CM with anti-p75 and p40 antibodies, characterized in Figure
1, to remove both p75 and p40 from LGG-CM. Preimmune sera were used as a control.
Proteins present in LGG-CM, LGG-CM immunodepleted with antibodies (LGG-CM
depletion), or preimmune sera (LGG-CM preimmune) were separated by SDS-PAGE for
Western blot analysis with anti-p75 and p40 antibodies (A). LGG-CM, LGG-CM depletion,
and LGG-CM preimmune were used to treat YAMC cells to detect Akt activation as shown
in Figure 2 (B) or C57BL/6 mouse colon explants described as in Figure 5 in the presence or
absence of TNF (100 ng/mL) for 24 hours. Paraffin-embedded tissue sections were stained
with H&E for light microscopic assessment of epithelial damage (C; original magnification,
×10) and ISOL staining to detect epithelial cell apoptosis using DIC microscopy (D; original
magnification, ×40). The percentage of crypts with indicated apoptotic cells is shown (E).
Data represent mean scores from at least 3 experiments.
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Figure 8.
Production of p75 and p40 by Lactobacilli is strain specific. Concentrated proteins recovered
from indicated bacterial-conditioned cell culture media using a 5-kilodalton cut-off filter
were separated by SDS-PAGE and stained with Colloidal Blue Staining Kit (A), and
Western blot analysis of these proteins with anti-p75 and anti-p40 antibodies was performed
(B). To test the effects of bacteria-derived soluble factors on colon cells, the indicated
bacteria were separated from YAMC cells by 0.2-μmol/L filters during coculture
experiments for 2 hours. Cellular lysates were collected and Akt activation determined as in
Figure 2 (C). To test these soluble factors’ effects on preventing apoptosis, bacteria were
separated in transwell cocultures as in C, with HT29 cells for 1 hour followed by 16-hour
cotreatment with “cytokine cocktail” containing TNF (100 ng/mL), IL-1α (10 ng/mL), and
IFN-γ (100 ng/mL). Cells were then prepared for apoptosis assays using Annexin V-FITC
staining as in Figure 3. The percentage of the early apoptotic cell populations is shown (D).
LC334, Lactobacillus casei 334; LC393, Lactobacillus casei 393; LA, Lactobacillus
acidophilus. *P < .01, compared with TNF/IL-1α/IFN-γ. Data represent 3 separate
experiments.
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